We present 1 GHz Gallium Nitride (GaN) Resonant Body Transistors (RBTs) with order-of-magnitude improvement in offresonance rejection relative to previously reported devices. This is realized by strong mechanical coupling of a 1-port resonator with a second resonator in which a High Electron Mobility Transistor is used for sensing. As the first demonstration of GaN RBTs in goldfree technology, this work enables Qs up to 3077 at 1 GHz, with f·Q product of 3.1×10
INTRODUCTION
As third and fourth generation (3G, 4G) wireless communications have emerged over the past few years the demand for higher bandwidth wireless data transfer has increased. This has placed great importance on the performance of radio base stations, requiring low phase-noise frequency sources that exhibit immunity to nearby interferers and excellent power handling [1] . With quality factors in the thousands at GHz frequencies, small footprints, and the ability to achieve multiple frequencies on the same chip, MEMS resonators can provide building blocks for low phase-noise oscillators operating over a wide frequency range.
Single-stage frequency sources are typically preferred for reduced cost, size, weight and power. As a wide bandgap semiconductor, GaN provides high electron velocities, charge densities (1×10 13 cm -2 in AlGaN/GaN), and critical electric fields, ideal for high power (>10W/mm), high frequency (>300 GHz) integrated circuits. As a result, GaN High Electron Mobility Transistors (HEMTs) have been increasingly used for microwave monolithically integrated circuits (MMICs) and high power electronics. The ability to amplify and deliver higher power densities than gallium arsenide makes GaN a great candidate for use in single-stage oscillators without the need for additional amplifiers.
GaN also exhibits excellent electromechanical properties, such as high piezoelectric coefficients (electromechanical coupling kT 2 up to 2% in FBARs [2] ), high acoustic velocities and low acoustic losses. Hence, this technology offers a platform for seamless integration of high performance RF MEMS resonators with high power, high frequency electronics. Monolithic integration of MEMS resonators with ICs would lead to reduced matching constraints and parasitics, which ultimately translate into lower phasenoise and reduced jitter clocks, especially at high frequency.
For successful implementation in low phase-noise oscillators, these resonators must satisfy two requirements [1] : (1) High net signal-to-noise ratio and (2) small half-power bandwidth, i.e., high Q. For broadband operation, resonators must be scaled to multiGHz frequencies. At such high frequencies, passive resonators suffer from capacitive feed-through between drive and sense transducers which overwhelms the mechanical peak and lowers the signal-to-noise ratio (SNR). Active Field Effect Transistor (FET) sensing has been shown to overcome this challenge by providing internal electromechanical amplification of the resonant signal. In Silicon, FET sensing has enabled resonators over 37 GHz [3] . In GaN, multi-GHz HEMT-sensed resonators have been demonstrated in contour mode [4] and thickness mode resonators [5] . These previously demonstrated RBTs implement a single resonant cavity containing both drive transducer and sense transistor, resulting in direct electrical coupling between the RF input and transistor terminals ( Fig. 1(a) ), which increases the broadband floor of the device. Instead, we propose an RBT in which drive transducer and sense transistor are embedded in two electrically isolated, mechanically coupled resonators ( Fig. 1(b) ). While mechanical coupling of two or more passive MEMS resonators has been previously used to achieve tunable, low insertion-loss filters [6] , this is the first implementation that takes advantage of active transistor sensing. Fig. 2 shows the SEM of a mechanically coupled GaN RBT. Acoustic waves are launched piezoelectrically with an interdigitated transducer (IDT) in resonator 1. This first resonator is mechanically coupled to resonator 2, via an array of beams of length equal to half wavelength of the beam vibration at the desired resonant frequency. This guarantees that the two bars will resonate in phase [7] . Trenches are patterned through GaN to provide stress relief and better isolation between drive/sense. 
PRINCIPLE OF OPERATION
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Gate Drain Source [6] . A HEMT is embedded in resonator 2 for sensing. At resonance, standing waves are induced in both drive and sense resonators, leading to strain fields that modulate the carrier concentration of the 2D electron gas (2DEG) in the channel of the HEMT. Then these strains induce a polarization field through the direct piezoelectric effect:
where , , and are the strains along the x, y and z-axis respectively and and are shear strains. Here, 31 , 33 and 51 are the piezoelectric coefficients corresponding to the Wurtzite crystal structure. This piezoelectric polarization induces straindependent bound charge throughout the AlGaN/GaN heterostructure as discussed in [4, 8] . As a result, free carriers flow from the Ohmic contacts to compensate for this piezoelectrically modulated charge which results in an AC modulation of the drain current.
The AC current modulation is represented in the equivalent small signal model in Fig. 3 . In the electrical domain, this device can be decomposed into two branches. The RLC branch corresponds to the mechanical resonance induced in the two coupled bars, and is equivalent to a 1-port passive device. The second branch is a modified HEMT equivalent circuit, where the normal transistor transconductance is now replaced by an electromechanical transconductance, gα. The parasitic feed-through between the input and output of the RBT includes a capacitance, and a substrate resistance, . This parasitic feed-through is what the mechanically coupled RBT design addresses, with an order of magnitude improvement from previously demonstrated RBTs that contain both drive and sense in the same resonant cavity.
While mechanically coupled RBTs can be implemented in various bulk or flexural modes, in this work we focus on the zero order symmetric Lamb mode, S0. The authors have previously optimized and investigated the transduction capability of these modes in standard MMIC technology, achieving Qs as high as 5500 and effective electromechanical coupling (keff 2 ) of 0.39% for resonators between 1-2 GHz [9] . Fig. 4(a) shows a 3D simulation of 2 mechanically coupled Lamb mode resonators. The 2D cross-section of the strain under the HEMT, with maximum modulation under the gate for optimal drain current modulation, is presented in Fig.  4(b) . The gate of the embedded HEMT is designed at 500 nm. Two floating electrodes are patterned in gate metal on either side of the HEMT in order to maintain mass loading symmetric to the drive IDT.
FABRICATION
Devices were fabricated at MIT using Raytheon's standard MMIC GaN-on-Si heterostructure, comprised of Molecular Beam Epitaxy (MBE) AlGaN(25nm)/GaN(1.7μm) on (111)-Si using a thin AlN nucleation layer (Fig. 5(a) ). This is the first implementation of GaN MEMS resonators in a Au-free HEMT process flow. While typical HEMT MMIC processes use Au electrodes to make Ohmic contact to the 2DEG channel and for low-resistance transistor gates, many efforts have been made to realize Au-free metallization schemes in order to allow for the integration of GaN MMICs in CMOS foundries [10] . Au-based Ohmic contacts involve a final anneal step at very high temperatures (850-950˚C) that allows the metal to diffuse and contact the 2DEG. As a result, the electrodes that undergo this step suffer from rough morphology and poor line acuity, which leads to yield and performance limitations in MEMS resonators, especially when scaling to higher frequencies. In the case of the RBT, where the HEMT is embedded in the resonant cavity, these rough Ohmic contacts can degrade mechanical performance. In this work we make use of Au-free Ohmic contacts that undergo a lower temperature anneal (600˚C). Eliminating Au-electrodes from the resonators also allows for higher resonator quality factors, since Au is known to cause additional dissipation through mass loading, phonon-electron scattering and interfacial losses.
We fabricate mechanically coupled RBTs in a standard GaN HEMT flow with only two additional steps. Processing starts with a shallow AlGaN etch in a BCl3/Cl2 chemistry which removes the 2D electron gas (2DEG) between the AlGaN/GaN layers in areas where IDTs will be patterned. This allows for transduction through the entire volume of the GaN film. The 2DEG is only kept in the areas where HEMTs will be fabricated. Next, the Ohmic metal (5 nm Ta/100 nm Al/20 nm Ta) is deposited, and a 10 minute anneal at 600˚C is used to drive the metal in to contact the 2DEG. The gate metal of the transistor (100 nm Ni) is then patterned. This step is also used to define piezoelectric IDTs (Fig. 5(b) ). A PECVD Si3N4 layer (180 nm) is then deposited to passivate the surface and protect the 2DEG channel. One modification to the standard MMIC process involves a deep Cl2 GaN etch in an inductively coupled plasma (Fig. 5(c) ) which defines the acoustic cavities. Metal pads (50 nm Ti/300 nm Au) are then connected to the gate and Ohmic electrodes through vias in the passivation layer, for easy device probing. Finally, a XeF2 silicon etch releases the resonators (Fig. 5(d) ). 
EXPERIMENTAL RESULTS
Mechanically coupled RBTs were measured in vacuum on a Cascade RF probe station using a standard 2-port measurement on an Agilent 5225A Network Analyzer, and de-embedded using an on-chip Open structure. For each of these devices, the electromechanical transconductance is defined as:
Low-velocity coupling Fig. 6 plots the measured electromechanical transconductance, gem, of the device shown in Fig. 2 . The 1.012 GHz resonance exhibits Q of 3077, with f·Q product of 3.1×10
12 . The offresonance floor in this device is below 0.8 µS, which is >10× lower than previously reported RBTs [4, 5] . This corresponds to an SNR of 20.4. As discussed before, this broadband suppression is critical for the realization of low phase-noise oscillators, especially when scaling to GHz frequencies. The effect of reduced broadband floor can be seen in the inset of Fig. 6 , which shows a clear 180˚ shift at the mechanical resonance.
The DC behavior of the embedded HEMT used for electromechanical sensing is shown in Fig. 7(a) . The transistor drives a maximum current of 12 mA in saturation, and has a threshold voltage of -4 V. The current degradation at drain bias (VDS) > 2 V can be attributed to self-heating, as the HEMT is released from the substrate so the heat can only dissipate through the 5 anchoring tethers. In Fig. 7(b) , the dependence of gem on drain bias in the linear regime is shown, exhibiting a linear increase in electromechanical transconductance at resonance. It is important to note that the broadband floor remains constant independent of drain voltage. This behavior yields an increase in SNR from 7.6 for VDS=0.9 V to 13.6 for VDS=1.1 V. In Fig. 7(c) , the effect of gate bias (VGS) on the electromechanical transconductance is shown for a fixed drain voltage. Optimal performance is obtained when VGS is set to -2V. Fig. 8 presents an SEM of an RBT where the mechanical coupling between the drive and sense resonators is realized at the point of maximum velocity. This design opens up additional tethers on the sense resonator to enable routing for multi-finger HEMTs, necessary to achieve higher electromechanical transconductance, gem. To optimize performance, both gates of the multi-finger HEMT are placed at points of maximum strain. The 2-gate transistor reaches a saturation current of 30 mA. The measured gem for two drain bias points is shown in Fig. 9 . While there is a small change in the broadband floor with biasing conditions, the floor at VDS=2 V is still smaller than previously demonstrated devices, while the gem of 72 uS is the largest achieved in GaN RBTs to date. Possible reasons why this device provides less isolation than the low-velocity coupling case include spatial proximity of electrode routing outside the resonant structure, larger overlap area between the drive and sense cavity, and a higher overall transistor transconductance. However, the SNR for this device is higher than in the low-coupling case. Table 1 summarizes the results for 3 devices described in this work, including 2 low-velocity coupled RBTs (one with Lgate=3.7 µm and the other shown in Fig. 1 ) and one high velocity coupled RBT (Fig 8) . These resonators are compared with HEMT-sensed GaN resonators published in literature, and demonstrate order-ofmagnitude improvement in SNR. 
High-velocity coupled RBTS
Frequency Tuning
One consequence of HEMT sensing in the GaN RBT is selfheating of the suspended structure, which is thermally grounded only through small suspension beams. This self-heating leads to a change in the elastic constants of the resonant cavity, resulting in a frequency shift. A previous study by the authors found the temperature-coefficient of frequency of these 1GHz Lamb modes [4] to be -24.2 ppm/˚C. Here, we investigate the frequency shift as a function of applied drain current, as shown in Fig. 10 , with over 0.2% frequency shift at 6.6mA bias current. The device provides a built-in microheater enabling tuning capabilities for frequency drift compensation due to temperature, packaging stresses, or other time-dependent parameters.
CONCLUSION
We have demonstrated a method for suppressing offresonance feed-through in GaN RBTs, enabling two orders of magnitude improvement in SNR. These devices were fabricated in a Au-free process which has yielded the highest f·Q products in GaN RBTs to date. At the same time, the RBTs presented here achieved >2× higher acoustic transconductance than previous GaN devices. Realized in standard MMIC technology, these devices can leverage strong piezoelectric coupling, large breakdown fields, and high speed HEMTs for monolithically integrated, low phase-noise clocks.
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